There are no ideal ways to identify and isolate viable and purified Foxp3 1 regulatory T cells so far. Here we developed a novel procedure for the isolation of highly purified Foxp3 1 cells using flow cytometry. This method relies on an identification and sorting of the lymphoblast cell population identified on a scatter plot using flow cytometry. We confirmed that greater than 98% of the cells sorted using this technique expressed Foxp3 and displayed a potent suppressive activity. This method provides a valuable tool for the study of the T regulatory cell biology and their therapeutic manipulation.
Introduction

Foxp3
+ CD4 + regulatory T (Treg) cells play a crucial role in maintaining the immune homeostasis against self-tissues (Shevach, 2002; Sakaguchi, 2004) . These cells also prevent autoimmune and inflammatory diseases through suppressing potentially deleterious activities of T helper (Th) cells. Lack or dysfunction of Treg cells in mice and human is responsible for many autoimmune diseases (Miyara et al., 2005; Pop et al., 2005; Valencia et al., 2006) . Foxp3, a fork head transcription factor, is expressed mainly in Treg cells and essential for the development and function of Tregs (Khattri et al., 2003) . A mutation in Foxp3 is responsible for expression of both scurfy mouse and immune dysregulation, polyendocrineopathy, enteropathy and X-Linked syndrome (IPEX) in humans (Bennett et al., 2001; Fontenot et al., 2005) . Tregs can be classified as either thymus-derived, naturally occurring (nTreg) or those that can be induced with antigen stimulation and cytokines such as TGF-b (iTreg). Both are essential for immune homeostasis and tolerance (Shevach, 2002; Sakaguchi, 2004) . Therapeutic manipulation of purified Foxp3 + cells provides a logical rationale for a promising alternative approach to treat many autoimmune diseases, yet isolating and enriching viable purified Foxp3-positive cells remains a major challenge. As Foxp3 is a transcript factor that is expressed in the nucleus, it is not possible to directly isolate viable Foxp3 + cells using anti-Foxp3 antibody staining and cell sorting. Other markers such as CD25 (IL-2 receptor alpha chain), CTLA-4 (cytotoxic T lymphocyte-associated antigen 4), GITR (glucocorticoid-induced tumor necrosis factor receptor family-related gene) and lymphocyte activation gene-3, provide possible molecular markers for the identification of Foxp3 + cells, however, these markers are not strictly Treg specific since all are upregulated upon T cell activation (Takahashi et al., 2000; McHugh et al., 2002; Huang et al., 2004) . Downregulation of CD127, the a chain of the IL-7 receptor, has been described as useful in the discrimination of Tregs from conventional T helper cells (Tconv) (Seddiki et al., 2006) , but unfortunately, CD127 expression is also downregulated upon T cell activation and the loss of CD127 may be a characteristic feature of both activated Tconv cells and follicular helper T cells (Tfh), which provide help for B cells. Moreover, using conventional molecular markers, the most enrichment of Tregs one can hope to achieve is 75%. knock-in mice were expanded with anti-CD3/ CD28-coated beads and IL-2 for 4 days, two distinct populations were clearly displayed in the scatter plot in flow cytometry, one is the lymphocyte population, representing about 45% of total viable cells, that has been over-activated, called 'lymphoblast cell population' and another one is mostly resting cells and sometimes referred to as a 'non-lymphoblast cell population' (Figure 2A) . Two cell populations were separately sorted and the expression of the Foxp3 and their suppressive activity have been analyzed and compared. As shown in Figure 2A , while total expanded lymphocyte population expressed similar levels of Foxp3 with fresh CD4 + CD25 + cells ( 70%), more than 98%
of lymphoblast cell population expressed Foxp3 and their CD25 and Foxp3 mean fluorescent intensity (MFI) were significantly higher than either total cells or non-lymphoblast cell populations. Conversely, the non-lymphoblast cell population was composed of 70% Foxp3 + and 30% Foxp3 2 cells. Using CD4 + CD25 + cells sorted from C57BL/6 wild-type mice, we observed that after 4 days of anti-CD3/CD28 and IL-2 stimulation, scatter plot in flow cytometry also clearly displayed two distinct cell populations of lymphoblast and non-lymphoblast cells and similar levels of Foxp3 expression in the different cell populations (data not shown). We next determined their suppressive activities against T cell proliferation using a standard in vitro proliferation experiment. As shown in Figure 2B , while expanded nTreg cells harvested from total or sorted from non-lymphoblast cell populations significantly suppressed T cell proliferation, expanded nTreg cell sorted from lymphoblast population displayed more potent suppressive activity. In fact, Foxp3 2 (GFP 2 ) cells sorted from expanded CD4 + CD25 + cells had no suppressive ability. This is consistent with previous reports that suppressive activity of Treg cells is closely associated with the level of Foxp3 expressed (Zheng et al., 2007; Lu et al., 2010a, b) .
Lymphoblast population of iTregs in scatter plot also identifies purified and viable Foxp3 + cells
We and others have reported that the combination of IL-2 and TGF-b is able to induce CD4 + Foxp3 + iTregs that mostly share similar phenotype and functional characteristics with nTregs 
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+ cells (Kohm et al., 2002; Zheng et al., 2002; Chen et al., 2003; Zheng et al., 2004) . As only the CD25 + subset of iTregs displayed suppressive activity (Mottet et al., 2003) and as with nTregs, only 75% of the CD25 + cells expressed Foxp3, we next examined the purity of iTregs using similar methods as above. As shown in Figure 3A , naïve CD4 + GFP 2 cells stimulated with anti-CD3/ CD28 beads with IL-2 and TGF-b emerged two-cell populations after 3-day cultures. Compared with total lymphocyte and nonlymphoblast populations, the lymphoblastic iTregs expressed significantly higher levels of Foxp3, CD25, CD103, CD122, PD1, GITR and CTLA-4 and lower level of CD127 ( Figure 3B ), suggesting lymphoblast population holds the phenotypic characteristics of purified Treg cells. These data suggest that current procedure we established has a greater advantage on isolating purified and viable Foxp3 + cells compared with other methods used currently.
Purified Foxp3
+ cells from lymphoblast cell population display more potent suppressive activity
One of the important features for Treg cells is the anergic status. We have compared their anergic status of two populations of TGF-b-induced iTregs following cell sorting. Cells were induced and sorted similarly as in Figure 3 and total or two separate cell populations were stimulated with anti-CD3 in the presence of antigen-presenting cells (APC) for 3 days, cell proliferation was evaluated with 3 H-thymidine as previously reported (Zheng et al., 2004) . While total lymphocytes and non-lymphoblast cell population displayed partial proliferation, lymphoblast cell population did not proliferate at all ( Figure 4A ). Addition of exogenous IL-2 restored the proliferative capacity of lymphoblast cell population ( Figure 4A ), suggesting these cells are typical anergic cells.
We further developed the suppressive assays to determine the suppressive capacity of two-cell populations of TGF-b-induced iTregs. As shown in Figure 4B , addition of one non-lymphoblast cell to four T responder cells partially suppressed the proliferation of anti-CD3-stimulated T responder cell in vitro. However, addition of similar doses of lymphoblast cell population displayed more potent suppressive activity ( Figure 4B) . Moreover, injection of 2 million of non-lymphoblast cell population slightly suppressed the development of the experimental autoimmune encephalomyelitis (EAE) during the early stage of disease but lost the suppressive activity after 25 days following myelin oligodendrocyte glycoprotein (MOG) peptide immunization, conversely, adoptive transfer of similar doses of lymphoblast cell population markedly inhibited the EAE development during entire period we examined ( Figure 4C ) and downregulated IL-17 production by CD4
+ cells in the draining lymph nodes (LN) in day 26 after MOG immunization ( Figure 4D ), suggesting that adoptive transfer of lymphoblast cell population results in more sufficient and persistent suppressive effect on autoimmune diseases.
Discussion
Adoptive transfer of CD4 + CD25 + nTreg cells has been proved to alleviate many autoimmune diseases including EAE, colitis and diabetes and is therefore considered as a promising strategy for the treatment of autoimmune diseases (Kohm et al., 2002; Green et al., 2003; Mottet et al., 2003) . Clinical use exploring this strategy requires efficient in vitro expansion of this rare cell population. Approaches developed thus far depend upon highly purified Treg cells prior to culture initiation, a process still hampered by the lack of Treg cell-specific surface markers. Current methods using cell surface markers such as CD25 hi or CD127 low usually gain about 75% of purified CD4 + Foxp3 + cells. expression. Nonetheless, none of these molecules is specific Treg signature. Although Foxp3 itself is a best marker to identify purified Treg cells, the detection of Foxp3 expression using the current method requires fixation and permeabilization of the cells, it is, therefore, impossible to isolate viable Tregs for biological studies and ex vivo expansion as a prelude to therapeutic administration since Foxp3 is only expressed in the nucleus.
In this study we find a novel approach to isolate the purified Foxp3 Lymphoblast, non-lymphoblast and total cell population were stimulated with soluble anti-CD3 (0.25 mg/ml) in the presence of irradiated APC (1:1) with or without IL-2 (50 U/ml) for 3 days. The proliferation was determined by 3 H incorporation. (B) These cells were added to T responder cells (1:4 ratio as in Figure 2B ) and stimulated with anti-CD3 and their proliferation was similarly conduced as in (A). (C) EAE was induced by immunizing mice with MOG 35 -55 peptide following pertussis toxin administration as detailed in the Materials and methods. 2 × 10 6 lymphoblast or non-lymphoblast cells were i.v administered to C57/BL6 mice at the time of disease induction. Clinical scores were monitored every other day. (D) On Day 26 some of these mice were sacrificed and draining lymph node cells were stimulated with PMA and ionomycin for 5 h and BFA for 4 h for intracellular cytokine staining on CD4 + cell gate.
able to suppress Th17 cell production, it is likely it also contributes to the pathogenesis of EAE. Taken together, we have identified a novel approach using sorting of lymphoblast cell population on scatter plot of flow cytometry to isolate viable and purified Foxp3 + regulatory T cells, cells purity .98%). These cells were stimulated with anti-CD3/ CD28 beads (1:5), rmIL-2 (50 U/ml) and TGF-b (2 ng/ml) for days as indicated. Lymphoblast and non-lymphoblast cell populations were sorted for the phenotypic and functional analysis. Foxp3, CD25, CD103, CD122, CD127, PD-1, GITR, CTLA-4 (purchased from eBioscience and BD Pharmingen) expression were analyzed by flow cytometry. To measure the in vitro suppressive assay, T cells isolated from C57BL/6 mice were stimulated with soluble anti-CD3 (0.25 mg/ml) in the presence of g-irradiated APC (1:1) with or without lymphoblast or non-lymphoblast cell population in the 1:4 ratio (1 Treg subset to 4 T responder).
3 H-thymidine (1 mCi/96 well) was added to cultures in the last 16 h and cell proliferation was measured by using a liquid scintillation counter.
Induction of EAE and adoptive transfer
EAE was induced by immunization with MOG 35 -55 emulsified in CFA (Difco Laboratories) at a dose of 100 mg per mouse, followed by the administration of pertussis toxin (150 ng per mouse, Sigma) on Days 0 and 2 as described (Stromnes and Goverman, 2006) . 2 × 10 6 lymphoblast cell and non-lymphoblast cell population sorted form iTregs were adoptively transferred to mice at the time of disease induction. Clinical signs of EAE were assigned scores according to the following: 0, no symptoms; 1, loss of muscle tone in tail; 2, hind limp weakness; 3, hind limp paralysis of one (3.0) or both (3.5); 4, hind and fore limp paralysis; 5, loss of temperature control or moribund. Scores are shown as Mean daily clinical scores for all mice per group.
Cytokines staining and production
Mice were sacrificed 26 days after MOG 35 -55 peptide immunization with or without Treg subset injection. Draining LN were collected and single cell suspension were prepared from LN and stimulated with PMA (50 ng/ml) and ionomycin (100 ng/ml) for 5 h and brefeldin A (5 mg/ml) for 4 h. Cells were stained for surface CD4, fixed, permeabilized and then stained for intracellular IL-17 and IFN-g.
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